Introduction
The membrane potential (V m ), of mouse isolated lumbrical muscle ®bre, is sensitive to the osmotic value of the superfusion medium. Hypertonicity induced a depolarization that was not transient but maintained (Siegenbeek van Heukelom et al., 1994) . It was shown that in the physiological range the V m of these ®bres is more responsive to the medium osmolality than to medium potassium concentration K + o . Blinks (1965) and Chinet & Giovannini (1989) showed that skeletal muscle ®bres shrink to a new steady state volume during hypertonicity. If one assumes that the chloride distribution is in equilibrium, cell shrinkage will lead to a hyperpolarization, due to the increase of the intracellular cation concentration and the higher permeability for potassium compared to sodium. Indeed, in frog toe muscle ®bre Gordon & Godt (1970) found a hyperpolarization when medium osmolality was increased from 235 mOsm to 460 mOsm. Aickin et al., (1989) demonstrated, under normal physiological conditions, in rat lumbrical muscle cells a furosemidesensitive Na-K-2Cl cotransporter which maintains a chloride concentration above equilibrium. Blocking the chloride permeability (P Cl ) with anthracene-9-carboxylic acid (9-AC) resulted in a small hyperpolarization that was accompanied by an increase in intracellular chloride activity. In mammalian skeletal muscle ®bres P Cl is 3 to 20 times larger than the potassium permeability (P K ), which implies that V m follows the chloride equilibrium potential (E Cl ) closer than the potassium equilibrium potential. Any disequilibrium of the intracellular chloride concentration will become manifested in V m (Aickin, 1990) . Dulhunty (1978) , executing chloride substitution experiments, observed a considerably higher contribution of the chloride distribution to V m than Aickin et al. (1989) . The control solutions used by Dulhunty (1978) were hypertonic (340 mOsm) compared to the solutions used by Aickin et al. (1989, approx. 295 mOsm) . This supports the idea that in muscle cells chloride is accumulated above equilibrium under resting physiological conditions and that this accumulation is enhanced by hypertonicity. In rat soleus muscle ®bres the inhibition of chloride related cotransport with bumetanide decreased the energy dissipation and sodium in¯ux in control conditions (Chinet, 1993) . Increased sodium import and energy dissipation occurred when the hypertonicity of the media was increased. These increments were blocked by bumetanide and amiloride indicating a contribution of a Na-Cl cotransporter and a Na-H exchanger (Chinet, 1993) . This suggests that the accumulation is an energy requiring process.
To investigate the role of a chloride related cotransporter in the response of skeletal muscle cells to hypertonicity, we studied the in¯uence on V m of bumetanide as an inhibitor of Cl related cotransport (Weiner & Mudge, 1990) , 9-AC as a blocker of P Cl , and ouabain as an inhibitor of the Na/K-pump. Some of these data have been presented in a preliminary form (van Mil et al., 1995a) .
Methods

Preparation and experimental procedures
White Swiss mice (age 8 to 18 weeks, weighing 20 ± 40 g, of either sex) were killed by cervical dislocation. The lumbrical muscle ®bres were removed from a hind foot. One bundle was cut free and cleaned from connective tissue as described previously (van Mil et al., 1995b) . Super®cial cells were impaled with ®ne-tipped microelectrodes (3 M KCl: 25 ± 80 MO). Impalements were considered successful and measurements were continued if V m was steady and more negative than 770 mV in control medium. Most data are derived from paired measurements (see statistics). When an active substance was washed out (`washout') the new steady state V m value should dier by less than 3 mV from the value before the application of the substance. Similar criteria apply when substances are used in succession. Measurements were considered successful if V m also returned to the original value (+4 mV) after the solution was switched back to control medium. More details have been described previously (Siegenbeek van Heukelom, 1991) .
Measuring chamber, de®nition of V m and chemicals
The measuring chamber, made of Sylgard 184 (Dow Corning, Mich. 48640, U.S.A.), had a volume of approximately 0.1 ml and was continuously perfused (3 ml min 71 ) at 35+18C. The Krebs-Henseleit solution (referred to as control) contained (in mM): NaCl 117.5, KCl 5.7, NaHCO 3 25.0, NaH 2 PO 4 1.2, CaCl 2 2.5, MgSO 4 1.2 and glucose 5.6, saturated with humidi®ed gas: 95% O 2 +5% CO 2 ; pH=7.35 ± 7.45. A 1.25 mM Na + medium was made by replacing NaHCO 3 with Cholinebicarbonate (CholHCO 3 ) and all NaCl with N-methyl-D-glucamine-chloride salt (NMDG-C1) made by titrating NMDG to pH 7.2 with HCl. The ionic strength of the solutions was approximately constant.
All hypertonic solutions were made by adding polyethyleneglycol-400 (PEG with MW&400). The osmotic value of all media used was measured with the Wescor Vapourpressure osmometer Model 5100C. This instrument determines the osmolality (mol kg 71 ) of the solutions and all osmotic values are expressed accordingly. The osmolality of the control solutions was 289+1 mOsm; the osmolality of all hypertonic solutions containing 9.7 gl 71 PEG was 319+1 mOsm and with 18.6 gl 71 PEG it was 344+1 mOsm. In a number of measurements the osmolality was reduced to 266 mOsm by lowering the NaCl concentration to 105 mM. The hypertonicities used were within the (patho) physiological range: 225 to 350 mOsm (Homan & Simonsen, 1989) .
All chemicals were analytically pure; salts were from Janssen Chimica, ouabain (g-Strophantidin krist. reinst) and polyethyleneglycol were from Merck and all other chemicals from Sigma. Bumetanide, furosemide and 9-AC were dissolved in methanol. These stock solutions were diluted 1000 times to obtain the concentration that was needed for the experiment.
Statistics
Results are presented in the text as mean+ s.e.mean with the number of measurements from dierent cells presented between parentheses. We give the results of the averaged V m value to one decimal place; the s.e.mean re¯ects the error due to stochastic in¯uences. In¯uences of electrode junction potentials were minimized by de®ning V m as the potential difference between the microelectrode in the cell and an identical microelectrode outside the cell. Nevertheless, we are aware of the systematic error due to the dierences in the liquid junction potentials of the electrodes in the medium and in the cytosol, that Barry & Lynch (1991 , see also Barry & Diamond, 1970 estimated to be of the order of 2 mV. We did not introduce corrections for this because it is not clear how these errors change due to hypertonicity. Changes in V m (DV m ) are always expressed as the dierence in the same cell between the steady state values before and after the change in solution. Groups of measurements were compared to one another by either two tailed Student's t test (when numbers of measurements were large and normally distributed) or Mann-Whitney (when numbers were smaller than 6 or not normally distributed). When a curve was ®tted to the data, the quality of the ®t was expressed by the correlation coecient, r.
Dierences in mean values were considered statistical not signi®cant (NS) when P50.05 and signi®cant when P50.05. When numbers of measurements were less than 5 no comparison was made (-). As nearly all data and conclusions are related to changes observed in the cell, it is unlikely that the dierences in liquid junction potentials severely change the signi®cance assigned by us to the observed dierences.
Results
Depolarization of V m by increasing hypertonicity
When the osmolality was increased from 289+1 mOsm (control) to 319+1 (n=46) or 344+1 mOsm (n=50), a depolarization was observed of 5.9+0.4 mV (n=46) (see Figure  1 ) or 10.9+0.5 mV (n=50) respectively. The V m in 319 mOsm was signi®cantly more negative than in 344 mOsm (P50.001). This depolarization was reversible: return to isoosmotic solutions hyperpolarized V m with respectively 75.1+0.8 mV (n=20) or 79.8+1.1 mV (n=17) (P50.05, paired data). The sensitivity of V m for medium osmolality (DV m /DOsm &0.2 V/Osm) was the same as measured previously with mannitol (MW 182) (Siegenbeek van Heukelom et al., 1994) .
We also performed a few experiments at higher concentrations (up to 465 mOsm). The results were qualitatively the same, though they appeared to show saturation. The V m in 465 mOsm medium (752.1+0.5 mV (n=5)) was comparable to the maximally depolarized V m in 344 mOsm medium.
The in¯uence of bumetanide on V m in control and hypertonic media
When a supramaximal concentration (75 mM) of bumetanide was applied to the muscle cells in control (289 mOsm) solution a reversible hyperpolarization, DV m = 73.6 mV, was observed (see Table 1 ). The same observation was made when using furosemide (100 mM): DV m =73.0 mV. Pretreatment with bumetanide prevented the depolarization by 344 mOsm (see Table 1 ; P40.05). The V m in 344 mOsm with bumetanide was stable for up to 90 min. We never observed an ongoing change in V m under these conditions.
The hyperpolarization induced by bumetanide increased with increasing osmolality. Compared to 289 mOsm bumetanide (75 mM) induced a signi®cantly greater hyperpolarization in solutions of 319 mOsm or 344 mOsm of 77.1 mV (P50.05) and 712.9 mV (P50.001), respectively (see Figures  1 and 2 ). The V m values attained in hypertonic media with bumetanide were more negative than in 289 mOsm without bumetanide: we observed an overshoot of 71.5+0.5 mV (n=7) in 319 mOsm and 72.1+0.9 mV (n=16) in 344 mOsm. Figure 1 shows a typical example of such an overshoot of V m . This overshoot eect was not observed with furosemide (100 mM).
The same in¯uence of bumetanide was found in 465 mOsm: it also reversed the depolarization. Chinet (1993) found a contribution of the Na-H exchanger in the osmoregulation in rat soleus muscle ®bres. Amiloride, in concentrations of 1 mM, inhibits the Na-H exchanger. We found no signi®cant eect of 1 mM amiloride on V m in control or hypertonic solutions.
Bumetanide eect in medium of 266 mOsm
A plot of the response of bumetanide as function of the osmolality suggested that its eect might be zero when the osmolality was reduced to 266 mOsm (see Figure 2) . When osmolality was reduced to 266 mOsm by decreasing NaCl to 105 mM, V m did not signi®cantly change. In this medium we added bumetanide and the response did not dier signi®cantly from zero:~V m =70.3+0.2 mV (n=6). To ascertain that the reductions of Na + o and Cl 7 o were not the origin of this observation we added 20 mM PEG to this medium restoring the medium osmolality to 289 mOsm. In this medium bumetanide induced a 73.4+0.7 mV (n=5) hyperpolarization that did not dier signi®cantly from those obtained in the control medium (see Table 1 ).
Dose-response data of bumetanide and furosemide
Bumetanide and furosemide are known to block a variety of chloride related cotransporters (Haas, 1994) . Dose-response curves for bumetanide and furosemide were determined in media with 344 mOsm (Figure 3) . We normalized all data by expressing the maximal value in one cell as 100% and the other V m values in the same cell as a fraction of this maximal value.
The cells showed a signi®cantly greater sensitivity (P50.001) for bumetanide (IC 50 =0.5+0.02 mM) than for furosemide (IC 50 =21+9 mM). In a few experiments we veri®ed that bumetanide in addition to furosemide did not in¯uence V m ; nor did furosemide in addition to bumetanide. Furosemide unlike bumetanide appeared to have a deteriorating eect on the muscle cells. When the muscle cells were exposed to furosemide in concentrations higher than 100 mM and for longer than 10 min, the impaled cell was lost and it became increasingly dicult to impale (V m 5770 mV in control solution) a new cell successfully in the same preparation. For this reason we used bumetanide in these experiments.
Hyperosmotic stress in 1.25 mM Na Bumetanide and furosemide are known to block a number of chloride-cotransporting systems. To ®nd out whether sodium is an obligatory cotransported ion we conducted experiments in solutions containing 1.25 mM Na + o . Probably due to the method of composing this 1.25 mM solution, it had a higher osmolality than the control solution: 327+4 mOsm (n=6). However, no signi®cant change of V m was noticed (DV m =0.6+1.4 mV (n=6), P40.05) when Na + o was changed to 1.25 M, before as well as after such a change in solution. After exposure to 1.25 mM Na + o the cell was still capable of responding normally to further experiments, as a subsequent increase to 368 mOsm with 50 mM PEG led to a small depolarization of 2.3+0.3 mV (n=6) that was signi®cantly dierent from zero (P50.01). However this depolarization was signi®cantly smaller than DV m due to the application of the same osmotic shock in control solution (P50.001).
In¯uence of chloride permeability on V m in control and hypertonic media
To investigate the possible participation of chloride conductance in the response of V m to hypertonic shock we used the chloride channel blocker anthracene 9-carboxylic acid (9-AC). In 289 mOsm, 10 mM 9-AC gave rise to a small but signi®cant hyperpolarization of 72.6+0.7 mV (n=4). When medium osmolality was increased to 344 mOsm the response of V m to 10 mM 9-AC increased signi®cantly to 77.6+0.5 mV (n=10) (P50.01) (Figure 4) . When more 9-AC was added to this 10 mM concentration (30 or 70 mM) no additional eect was measured. The hyperpolarization found with 9-AC was signi®cantly smaller (P50.01) than the hyperpolarization of bumetanide. Figure 4 shows that on increasing depolarization by 344 mOsm a signi®cant decrease in 9-AC response was observed and that 9-AC did not restore V m to control value with overshoot as was observed for bumetanide.
When 9-AC was added after bumetanide in 344 mOsm no signi®cant change (70.3+0.3 mV (n=5)) in V m was observed. This indicates that chloride in 344 mOsm is in equilibrium when bumetanide is present.
Experiments in media with decreased Cl 7 o failed, because V m became very unstable in such media.
Ouabain and bumetanide
Ouabain (100 mM) depolarized V m to 750.3+1.3 mV (n=6) in 344 mOsm. Application of bumetanide or furosemide, about 10 min after the ouabain addition, did not induce a hyperpolarization. We therefore conclude that a proper functioning of the Na + /K + -ATPase is essential for the bumetanide responses we obtained in this study.
Discussion
Hypertonic stress leads to a sustained depolarization in the skeletal muscle ®bre Skeletal muscle ®bres may encounter hypertonicity during exercise (Sjùgaard et al., 1985; Homan & Simonsen, 1989 ). Here we describe the eects of medium osmolality and bumetanide sensitive transport on V m in mouse lumbrical muscle ®bres. We found this depolarization to rise with increasing hypertonicity in the range of 289 to 344 mOsm, but it exhibited saturation beyond 344 mOsm. The depolarization was maintained as long as the solution was hypertonic. In all cases washing out the PEG restored the V m completely even after prolonged exposure.
The Na-K-2Cl cotransporter and the depolarization of V m in hypertonic media
Bumetanide is known to inhibit chloride cotransport such as the K-Cl, Na-Cl and Na-K-2Cl cotransporter (Homann & Simonsen, 1989; Haas, 1994; Lang et al., 1995) . In our preparation bumetanide prevented the depolarization by hypertonicity, and repolarized V m to control values in hypertonic media. Bumetanide and furosemide appear to act similarly but the fact that the IC 50 for bumetanide was much lower than for furosemide suggests that we are not studying the K-Cl cotransporter (Perry & O'Neill, 1993; Haas, 1994) . The sensitivity of V m to bumetanide need not be a direct measure for the anity of the cotransporter for bumetanide. These cellular and molecular responses might well dier from one another.
Like bumetanide decreased Na + o prevented the depolarization by hypertonicity. The concentration of 1.25 mM Na + o used is substantially lower than the K m of Na + o found for the Na-K-2Cl cotransporter (Greger, 1985) . Data on the interaction between hyperosmolality and medium potassium have been presented previously (Siegenbeek van Heukelom et al., 1994) . They show that in 0.76 mM K + o a decreased sensitivity of V m for hypertonic stress exists. Due to the presence of the (K + o sensitive) inwardly rectifying potassium conductance (IKR) a straightforward interpretation is complex. This and the dierence in sensitivity of V m for bumetanide versus furosemide indicate that we are studying here a Cl 7 related cotransporter where Na 
Hypertonic medium increases chloride accumulation
Our ®ndings are in line with observations by Aickin et al. (1989) that elevated Cl 7 i depolarizes E Cl in rat lumbrical muscle cells. Because P Cl is 3 to 20 times P K (Aickin, 1990) , chloride accumulation must have an in¯uence on V m . Indeed, by blocking P Cl we found a hyperpolarization of 72.6 mV in control and 77.6 mV in hypertonic medium, indicating an increased chloride accumulation due to hypertonicity in the lumbrical muscle cells. This apparent dependence on medium osmolality implies that in order to compare 9-AC-induced hyperpolarizations one should take into account the osmolality (Aickin, 1990) .
A combined action of the couple Na + /H + and Cl or the couple Na + /H + and Na-Cl transport, as was suggested for soleus muscle ®bres by Chinet & Giovannini (1989) , ap- . Two data points (®lled triangles right-below the ®tted bumetanide curve at concentrations 0.5 and 1.0 mM) demonstrating low sensitivity for bumetanide, were both from the same cell. This is the reason why this ®t to all data at once produced an IC 50 =0.49 mM. Another procedure which involved ®rst ®tting the data of individual cells and then averaging the data of the cells produced an IC 50 = 0.34 mM. For furosemide: IC 50 = 21mM. The correlation coecients, r, of both ®ts were 0.83. The IC 50 value of bumetanide of 0.5 mM does not comply with the criterion for CCC-2 (50.2 mM) and is just in the margin of CCC-1 (40.5 mM) according to the classi®cation of Haas (1994) . On close inspection of this ®gure it might be possible that in our preparation cells with dierent cotransporters (either CCC-1 or CCC-2) were measured. Figure 4 Response of V m to anthracene-9-carboxylic acid (9-AC) in 344 mOsm. V m after the addition 9-AC was plotted against V m before addition of 9-AC. A linear ®t gave a good correlation coecient (r=0.9959) and a slope of just greater than unity (V m(before) =1.2* V m(after) +3.6). The slope of 1.2.+0.04 is signi®cantly dierent from 1 (P50.01), indicating that eect of 9-AC was slightly voltagedependent.
peared not to eect V m in our preparation because amiloride had no eect. We conclude that the import through the Na-K2Cl cotransporter increased with increasing hypertonicity resulting in a depolarization. P Cl is not zero in the presence of 9-AC Like Aickin et al. (1989) , using furosemide in normo-osmotic medium, we found that addition of 9-AC did not aect V m in 344 mOsm medium with bumetanide. We conclude that chloride is in equilibrium across the membrane when the Na-K-2Cl cotransporter is inoperative.
However, the hyperpolarizations induced by 9-AC in 344 mOsm medium were smaller than those induced by bumetanide and did not restore V m completely. Comparison of 10 mM and 80 mM 9-AC indicates that we used a saturating concentration. The most likely explanation is that P Cl is not fully blocked as has been suggested by Aickin (1990) and that the remaining P Cl is still large enough to contribute to V m , because at the same time chloride is accumulated (Aickin et al., 1989) . This increase of intracellular chloride will lead to a further depolarization of E Cl . So the product of the decreased P Cl and E Cl can still have a measurable in¯uence on V m .
Potassium permeability is reduced by hypertonicity
An additional mechanism involved in the depolarization can be seen from the experiments involving pretreatment with bumetanide. On the basis of whole tissue data, Chinet and Giovannini (1989) concluded that rat soleus ®bres do not regulate their volume. Cardiac cells showed only partial VRI (Drewnowska & Baumgarten, 1991) , like non-mammalian muscle ®bres (Blinks, 1965; Mobley & Page, 1971) . When the cotransporter is blocked by bumetanide, chloride is passively distributed. Therefore, one would expect a hyperpolarization due to the shrinkage of the cell and hypertonicity (K + i and Na + i
were increased leading to a hyperpolarization because P K 44P Na ). The simplest way to explain that such hyperpolarization was absent (see Table 1 ) is to conclude that P K drops. If such a decrease in potassium permeability (or conductance) (van Mil et al., 1995a ) also occurs in the absence of bumetanide, it will contribute to the observed depolarization induced by hypertonicity. Such a connection has been suggested also by Wang and Wondergem (1991) for the behaviour of mouse hepatocytes. They suggested that the reduction of P K would also reduce the eux of K + -ions as osmolytes.
Hypertonicity aects Na-K-2Cl cotransporter kinetics
Inhibiting the Na/K-pump with ouabain abolished the dependence of V m on medium osmolality, supporting the view that this initially active transport energises the secondary transport studied. This is in line with the decreased dissipation in the presence of bumetanide in soleus muscle ®bres observed by Chinet (1993) . Drewnowska & Baumgarten (1991) demonstrated that cardiac cells shrink in hypertonic media and that this shrinkage increased in the presence of ouabain. Addition of ouabain induces a depolarization, but this cannot be the reason for the disappearance of the bumetanide induced hyperpolarization. The depolarizations by 465 mOsm to 752 mV, and sometimes by 344 mOsm, can be reversed by bumetanide, although they are the same magnitude as the ouabain-induced depolarizations. The eux of water in response to hypertonicity leads to an increase in K + , Na + and Cl 7 concentrations in the cell, this reduces the driving force for the import of these ions through the cotransporter. So, the magnitude of the response must be related to a change in transport kinetics and not to the change in ion gradients (Lang et al., 1995) . How this is brought about is unclear (HaÈ ussinger et al., 1993; 1994; Lang et al., 1995) but the cells may have some`sensor' for hyperosmotic stress (Galcheva-Gargova et al., 1994) , that in our preparation possesses a`set point' at 269 mOsm.
We conclude that in the lumbrical muscle cells increased hypertonicity leads to an increase in the activity of the Na-K2Cl cotransporter which results in the observed depolarization of V m due to the increased accumulation of Cl
